.
It takes at least 6 months to successfully treat uncomplicated drug-sensitive pulmonary TB using multiple antibiotics, whereas most bacterial infections are cured within a week or two of monotherapy. The same combination of four drugs (isoniazid, rifampicin, pyrazinamide and ethambutol) has remained the first-line treatment since 1994 (REFS 2, 3) . The first three of these drugs were discovered 50-60 years ago and have been part of WHO-recommended tuberculosis treatment regimens since the 1980s. After 2 months of this four-drug combination, treatment is continued with both isoniazid and rifampicin for an additional 4 months 2 . This lengthy multidrug therapy dramatically affects compliance and adherence to medication; patients are simply overwhelmed by the pill burden or suffer toxic side effects over time and withdraw from treatment before their lungs have been fully sterilized. This can lead to treatment failure, relapse of infection and the emergence of genetic drug resistance, resulting in even longer treatment with less effective and more toxic second-line and third-line drugs 4 . The fluoroquinolones and aminoglycosides are the mainstay of treatment for multidrugresistant tuberculosis (MDR-TB) owing to resistance to both isoniazid and rifampicin. To cure MDR-TB, at least 18-24 months of therapy with four-six drugs, including a fluoroquinolone and one injectable agent (for example, an amino glycoside or the peptide antibiotic capreomycin), is required 5 . However, as there are more than a dozen drug candidates in various phases of clinical development -including novel and repurposed traditional antibiotics that have not previously been used against tuberculosis -treatment of MDR-TB and extensively drug-resistant TB (XDR-TB) is in a transition phase and will certainly evolve in the coming years.
Although tuberculosis is not exclusively a disease of the lungs and can affect many organs and tissues 6 , this article focuses on the fate and tissue distribution of drugs that are used in the treatment of active pulmonary tuberculosis. To reach their intended target, anti-TB drugs must be transported from the blood compartment to non-vascularized pulmonary lesions, diffuse into necrotic foci and the caseum, permeate the lipid-rich cell envelope of M. tuberculosis and finally reach their molecular target at adequate concentrations and for the required time (FIG. 1) . Most first-line drugs that are in use today were launched in the 1950s and 1960s, before pharmacokinetics and pharmaco dynamics (PK-PD) constituted an established field in drug discovery. Consequently, correlations between drug concentration in plasma and drug penetration of the infected site were not considered during the drug development process, which has led to suboptimized dosage -a problem that is now widely recognized for rifampicin 7, 8 . The integration of PK-PD modelling in the development of antibacterial drugs is becoming more widespread 9 and, although the tuberculosis field is still lagging behind other infectious and non-communicable disease research areas, plasma-based PK-PD parameters are now increasingly considered in the design of preclinical studies and clinical trials 10 . However, PK-PD correlations that are made on the basis of drug exposure in plasma might be insufficient to inform drug distribution in TB, owing to the complexity and diversity of TB pathology. For example, although the fluoroquinolone moxifloxacin (MXF) accumulates in cellular granulomas, the concentrations of rifampicin in this niche are only a fraction of those that are achieved in plasma 11 . Thus, plasma concentrations of anti-TB drugs are not generally predictive of concentrations at the infected sites. Little is known about the factors that influence drug distribution from plasma into the range of tissues, nodules and cavities that are inhabited by the pathogen. The striking diversity of cell types, tissue structure and vascular architecture that is present in pulmonary lesions strongly suggests that standard rules-of-thumb -such as passive equilibration of the free drug fraction between plasma and tissue -cannot be meaningfully and successfully applied to M. tuberculosisinfected sites. To further complicate matters, subpopulations of bacilli that persist in a slowly-growing or non-growing state are recalcitrant to killing by most anti-TB drugs -a phenomenon known as phenotypic tolerance
.
Why are anti-TB drug dynamics important? Understanding the factors that drive drug distribution at the site of infection and into the pathogen could enable more effective use (that is, dosing) of current anti-TB drugs and could also facilitate the design of complementary drug regimens to prevent the development of drug resistance and thereby accelerate resolution of the infection. Reducing the treatment period to less than 2 months would revolutionize TB chemotherapy and greatly contribute to global disease control. Thus, methods that are capable of informing the rational combination of drugs (that is, those combinations that have the best potential to substantially reduce the duration of treatment) are needed, particularly as clinical trials for TB drugs are long and complex. Control of the TB epidemic will come from a combination of drugs that complement each other in their ability to penetrate the range of lesions that are found in TB disease, resulting in complementary activity against all bacterial subpopulations that are present in these lesions. In this Progress article, I describe the diversity and complexity of TB lesions in the lung, recent advances in the methods that are available to quantify and image small molecules in these niches and the various factors that influence drug distribution from plasma to lesions to mycobacterial cells. As many bacterial infections can cause similarly complex lesions (such as biofilms and abscesses, among others), the principles that are outlined here might be relevant for other infectious diseases.
Diversity of TB pathology M. tuberculosis infection is initiated by the inhalation of viable bacilli that are present in droplets exhaled into the atmosphere by an individual with active disease. M. tuberculosis is taken up by phagocytic cells and transported across the alveolar epithelium into the lung. Infected macrophages recruit additional macrophages and other immune cells from neighbouring blood vessels to form dynamic, organized structures called granulomas, which are a pathological hallmark of TB 12 (FIG. 2) . Although granuloma formation is traditionally regarded as an attempt to 'wall off ' the infecting pathogen, recent studies have shown that pathogenic mycobacteria use granuloma cells to expand, disseminate and colonize nascent granulomas 13, 14 . Thus, the pathology of TB is primarily driven by the immune response rather than by damage that is inflicted by the bacterium itself. Pulmonary lesions evolve from cellular granulomas -which are composed of lymphocytes, macrophages, foamy macro phages and neutrophils -to necrotizing granulomas. The necrotic core, which is also known as the caseum, owing to its cheese-like appearance, is the result of host cell and bacterial lysis. The caseum initially forms in the centre of the granuloma and spreads outwards, eventually compressing the surrounding lung tissue and destroying the vasculature 15 . As the granuloma matures, it often develops several layers of fibroblasts (known as a fibrous cuff), which function to wall off the infection. A cavity forms when an expanding granuloma comes into contact with an airway, which involves transformation of the granuloma into a cavity made of a fibrotic wall filled with liquefied caseum that is directly connected to the luminal surface of the respiratory tract (FIG. 2) .
Importantly, bacilli reside in all types of lesions and lesion compartments. In cellular granulomas, bacteria are predominantly, but not exclusively, found inside macrophages, where they are able to evade immune defences and interfere with phagolysosome biogenesis and integrity 16, 17 . They are also found extracellularly in interstitial tissue. In necrotic granulomas, the caseous centre often contains large numbers of extracellular bacilli, although they frequently go undetected by commonly used staining techniques (such as Ziehl-Neelsen staining) owing to cell wall alterations in slowly-replicating or non-replicating mycobacteria [18] [19] [20] [21] [22] 
This slowly-growing or non-growing population is particularly important as it may constitute the reservoir from which large bacterial numbers emerge when a closed nodule encounters an airway and develops into an aerated cavity (FIG. 2) . At the luminal surface of cavities, bacilli are either intracellular (for example, within cell types such as neutrophils and macrophages 23 ) or extracellular. Thus, the granuloma constitutes a friend-foe structure as it functions to contain the pathogen, but it also makes chemotherapeutic eradication extremely difficult, owing to the sequestration of bacilli within remote and shielded lesion compartments [24] [25] [26] . Furthermore, M. tuberculosis can also reside in lung tissue that might seem to be uninvolved macroscopically, but that has a complex spectrum of inflammation and repair, a niche that is often ignored.
In addition to the complexity of the diseased site, the heterogeneous vascular supply within the granuloma impedes drug delivery. Reduced vasculature is widely Nature Reviews | Microbiology . When concentrations of anticancer drugs are mapped in relation to vasculature density at the disease site, a steep gradient of decreasing drug levels is observed as the distance from blood vessels increases 28 . Interestingly, reduced vasculature also impairs the supply of oxygen and nutrients, which results in a decrease in cell proliferation and an increase in drug tolerance 27 . As the vascular architecture is destroyed in the caseous centre of necrotic lesions and cavities, this leads not only to reduced drug supply but also to metabolic quiescence of bacterial cells, as a consequence of reduced oxygen and nutrient supplies, and failed immunity owing to poor access by circulating T lymphocytes 29 . To reach the centre of necrotic granulomas, where quiescent extracellular bacilli are found in large numbers 21 , drugs must diffuse from the cellular rim that borders the necrotic centre and penetrate the entire caseous region without the assistance of active or facilitated transport mechanisms (FIG. 2) . The lack of blood supply to compartments where large numbers of nonproliferating bacteria reside highlights the importance of assessing drug penetration at these sites.
From blood to lesions
Investigations that were conducted between the 1950s and 1980s using resected lung tissue from patients with TB showed that the levels of isoniazid and rifampicin vary in the lung. These early studies also indicated that the measured levels were dependent on the method of detection that was used as well as on the study design. The methods that were used included the quantification of radioactively labelled drug 30 , bioassays that quantified drug activity in fluids and tissues 31 and an agar diffusion method 32, 33 . Although these methods were useful, the approach had several drawbacks; for example, drug levels were often measured in resected lung tissue that was collected within a window of several hours after drug dosing rather than at a precise time after drug administration. This introduces a confounding factor in data interpretation as tissueto-plasma drug ratios change over time. Tissue pharmacokinetics of prodrugs, such as isoniazid, which is metabolized by both the host and the pathogen, are challenging and can potentially generate inconsistent data, depending on the methodology that is used for drug quantitation 11, 30 . Furthermore, although radiolabelled isotopes are highly sensitive, it is not always possible to distinguish between the active parental drug and its active and inactive metabolites 30 . However, despite such shortcomings, these early data indicated that drug distribution in infected lungs is mostly drug-specific and depends on the lesion type 31, 32, 34 . They also highlighted the need to refine and expand drug penetration studies in TB lesions using innovative and more robust technologies.
Quantifying drug distribution. The advent of chromatographic and mass spectrometry instrumentation has made it possible to reliably quantify small molecules in pulmonary lesions. Measuring drug levels by HPLC coupled to tandem mass spectrometry (LC-MS/MS) is invasive and therefore requires the use of animal models to mimic the pathology of human TB and the ability to generate lesions that are large enough to enable accurate dissection and measurements. The rabbit model meets these criteria 35, 36 and has therefore been increasingly used in pharmacological studies 11, 37, 38 . Following the administration of single drugs or drug combinations, population pharmacokinetic modelling enables the rate and extent of drug distribution to be calculated. This has been applied to the measurement of the first-line drugs isoniazid, rifampicin and pyrazinamide, and the second-line drug MXF in rabbit lung tissue and granulomas 11 . The extent of penetration in lung tissue and lesions follows different trends for each drug; for example, MXF reaches higher levels in lung tissue and granulomas than in plasma (FIG. 3a) . Although the mechanism of MXF accumulation in cellular granulomas is unknown, in vitro studies in resting and activated macrophages have revealed that it has high intracellular-to-extracellular ratios 39 , which is consistent with its accumulation in TB lesions (FIG. 3a) . By contrast, the concentrations of isoniazid, rifampicin and pyrazinamide in cellular granulomas are lower than in plasma, although rifampicin seems to accumulate in uninvolved lung tissue 11, 32 (FIG. 3a) . The rate of tissue penetration is rapid for all four drugs; pyrazinamide has the longest equilibration halflife of 1 hour. The four drugs are thus expected to quickly equilibrate between plasma and tissue, although the dynamics of distribution at equilibrium might be more complex than has been suggested by modelling. For example, the prodrugs isoniazid and pyrazinamide are rapidly bioactivated by M. tuberculosis 41, 42 . This complicates the interpretation of results, as the kinetics of bioactivation and the levels of active metabolites in tissue are crucial to establish PK-PD correlations at the infected site. Bioactivation might also explain the observed discrepancies between the levels of 14 C-isoniazid that were measured in lesions by radioactive methods 30 and the isoniazid concentrations that were determined in lesion homogenates using either an activitybased assay 34 or LC-MS/MS. Transiently active metabolites and reactive species that are generated by these prodrugs are not sufficiently stable to be captured by standard analytical methods. By contrast, the distribution of rifampicin (which is a drug that does not require bioactivation) in pulmonary lesions is consistent, irrespective of the study design and the method that is usedthis drug accumulates in uninvolved lung tissue but its levels are reduced in cellular granulomas 11, 32 (FIG. 3a) .
Imaging drug distribution. Although LC-MS/MS is capable of generating lesionspecific PK-PD indices for use in preclinical studies and clinical trial simulations, drug quantitation in granuloma and cavity homogenates by LC-MS/MS has one major shortcoming: the lack of sublesional spatial resolution for the visualization of drug concentration gradients across lesions and lesion compartments. This is crucial given the varied and complex structure of pulmonary To reach their targets in intracellular bacilli, anti-tuberculosis drugs travel from blood vessels and distribute into various types of lesions, and they must overcome several barriers, including variations in lesion architecture and the cellular and chemical composition of tissues, as well as reduced vascularization. From the blood compartment, drugs enter the interstitial space of granulomas and then penetrate and accumulate in immune cells, including within subcellular organelles, such as the phagolysosome, where intracellular bacilli can reside; finally, the drugs permeate the pathogen to reach their molecular target. In necrotic granulomas and cavities, drugs must diffuse through caseum in the absence of vascularization and active transport systems to reach extracellular bacilli that are present in the necrotic centre. Different lesion compartments can harbour bacterial populations in different metabolic and physiological states (for example, slowly-replicating or non-replicating bacilli), which can result in alterations in bacterial cell wall structure and transport mechanisms, which also influence the permeability of the pathogen to small drug molecules. Some drugs show reduced penetration of non-growing cells (dashed arrow) compared to growing cells, whereas others effectively penetrate both cell types (not shown).
◀ lesions (FIG. 2) . MALDI mass spectrometry imaging (MALD-MSI) is ideally suited to study the distribution of small molecules in the various compartments of pulmonary lesions 43 . Flash-frozen tissues are sectioned and coated with a chemical matrix to enable ionization of the molecules of interest. Laserassisted desorption of ionized molecules, coupled to detection by mass spectrometry, enables the quantification of small molecules and metabolites across the tissue section, with a spatial resolution of approximately 25-100 mm. A map of relative ion density is computer-generated and displayed as a highresolution image that can be superimposed onto a stained tissue section to correlate relative drug concentrations with histological features 44, 45 . Following up on the favourable accumulation of MXF in lung and pulmonary lesions 11 (FIG. 3a) , MALDI-MSI was used to generate two-dimensional (2D) ion maps of MXF in necrotic granulomas that were obtained from treated and untreated infected rabbits 43 and from patients with TB who were undergoing lung resection (Clinicaltrials.gov identifier: NCT00816426; V.D., unpublished observations). Mapping of MXF molecules in rabbit necrotic granuloma sections shows that a heterogeneous pattern of drug accumulation occurs: the drug accumulates at high levels in macrophages and lymphocytes, but there is little or no penetration of the caseous centre (FIG. 3b) . This result is not surprising considering the lack of blood vessels and active transport in this acellular niche. To confirm these findings, absolute drug concentrations were separately measured in the cellular compartment, the cavity wall and in the caseum of dissected rabbit granulomas by LC-MS/MS. These data showed that MXF concentrations are markedly lower in the caseum than in the cellular fraction of granulomas (FIG. 3c) , which is consistent with the MALDI ion maps (FIG. 3b) . This observation is of particular interest as phenotypically tolerant cells (known as persister cells) typically reside in the caseous foci of necrotic granulomas 46, 47 . Subinhibitory concentrations of fluoroquinolones have been shown to increase bacterial mutation rates by triggering the SOS response, which accelerates the emergence of antibiotic resistance mutations in Mycobacterium fortuitum 48 , although this remains to be shown for M. tuberculosis. Thus, the presence of subtherapeutic levels of MXF in caseum may have important clinical implications, such as the enrichment of drug-resistant populations. Similarly to MXF, the nitroimidazole PA-824 (which is a new anti-TB drug candidate that is currently in clinical development) distributes more effectively in lung tissue and cellular granulomas than in caseum 44 (FIG. 3d,e) . Among the anti-TB drugs that have so far been investigated by MALDI-MSI, pyrazinamide seems to be the only one that diffuses effectively through caseum (V. D., unpublished observations) and is active against slowly replicating persister cells 49 . Although there is evidence to suggest that the removal of pyrazinamide from anti-TB drug regimens significantly increases the duration of therapy and negatively affects the clinical outcome 50, 51 , the reasons for these observations remain unknown. Accumulation of pyrazinamide in the necrotic foci of closed nodules, where phenotypically tolerant bacilli persist and where other drugs diffuse poorly, probably contributes to its unique sterilizing activity.
Thus, with MALDI-MSI, it is possible to determine the penetrative power of small molecules in infected tissues. This technology also has the potential to reveal local monotherapies -for example, the presence of only one of several co-administered agents in a particular niche, such as the necrotic foci of caseous lesions. Earlier studies suggest that local and temporal windows of monotherapy can develop in specific lesion compartments, which increases the risk of the emergence of resistance 52, 53 . Such discrepancies in drug distribution are not detectable by conventional LC-MS/MS analysis of lesion homogenates or by wholebody imaging modalities, as these technologies lack sufficient spatial resolution. As we gain further insights into the pulmonary and sublesional distribution of drugs and drug candidates, the rational combination of drugs -each with the ability to preferentially penetrate distinct compartments of the granuloma -is closer to becoming a reality.
One drawback of MALDI-MSI is that it is invasive and relies on accurate tissue resection, which limits the ability to generate large clinical data sets. Non-invasive imaging modalities are emerging to study drug penetration in M. tuberculosis-infected lung tissue and lesions in mice and nonhuman primates; these include positron emission tomography (PET) using 11 C-or 18 F-labelled drugs 54, 55 . As PET is routinely used in humans, its application to imaging anti-TB drugs has the potential for rapid bench-to-bedside translation. One major limitation of PET is finding a label with a sufficiently long half-life that does not alter the chemical structure of the drug. Furthermore, with a spatial resolution of >1 mm, PET does not enable the visualization of
Box 1 | Mycobacterial drug resistance
Mycobacterium tuberculosis exhibits two forms of drug resistance: genetic drug resistance and phenotypic drug resistance. Genetic drug resistance refers to the classical form of heritable bacterial resistance, whereby genetic alterations, such as mutations in target genes, confer drug resistance and are transmitted from mother cells to daughter cells during replication. When a resistance mutation emerges, it is rapidly amplified under antibiotic pressure, provided that the mutation does not confer a high fitness cost 93 . Resistance as a result of horizontal gene transfer (HGT) is widespread in many bacterial pathogens, but HGT seems to be absent in M. tuberculosis as this species does not contain plasmids and the transfer of genomic DNA has not been shown 94 . For most anti-tuberculosis drugs, the majority of resistance mutations occur in a limited number of genes or genetic loci, allowing for targeted molecular susceptibility testing 95 . Multidrug-resistant tuberculosis (MDR-TB) is defined as being genetically resistant to isoniazid and rifampicin 96 , which are the two 'pillars' of first-line therapy. M. tuberculosis isolates that are also resistant to fluoroquinolones (for example, moxifloxacin) and one injectable drug (for example, an aminoglycoside or the peptide antibiotic capreomycin) are known as extensively drug-resistant tuberculosis (XDR-TB) 97 . The therapeutic options for patients who are infected with MDR-TB and XDR-TB are limited and consist of at least 18-24 months of treatment with four or more antibiotics that are less effective and more toxic than first-line drugs 5 . Phenotypic drug resistance or drug tolerance arises when genetically susceptible cells become refractory to antibiotic treatment. There are many pathways towards the emergence of phenotypic resistance, including metabolic and physiological adaptations in response to drug exposure and other environmental cues 73, 98 . This type of resistance is non-heritable and reversible and is often associated with reduced or arrested growth 99 ; for example, it has been shown that non-replicating M. tuberculosis is resistant to the cell wall inhibitor isoniazid, whereas replicating bacilli are susceptible to isoniazid 100 . Phenotypically resistant populations that survive drug treatment in the absence of genetic resistance are often referred to as persisters. These drug-tolerant cells are suspected to be responsible for the long duration of antibiotic therapy 101 , although this remains to be formally demonstrated for TB. Although the mechanisms of persistence have been extensively studied in vitro, quantifying the extent of this phenomenon in lesions and elucidating its effect on drug-mediated killing in specific niches is challenging 102 .
sublesional small-molecule distribution in most specimens. However, PET and MALDI-MSI complement each other, with each method compensating for the limitations of the other. Used together, they have the potential to deliver a comprehensive picture of drug pharmacokinetics in multiple organs, including infected lung tissue and granulomas or cavities.
Drug uptake into infected immune cells M. tuberculosis is a facultative intracellular pathogen of macrophages and other immune cells.
In silico modelling and clinical data indicate that intracellular bacterial growth inhibition and killing is important to ensure the complete sterilization of infected lungs 56, 57 . The presence of intracellular bacteria creates an additional hurdle in the path of anti-TB drugs from the central blood compartment to their bacterial targets, as they must permeate the cell types in which the bacterium resides (FIG. 1) . As such, many new drug-formulation approaches rely on liposomes and nanoparticles to achieve targeted drug delivery to macro phages in order to reduce systemic drug levels and toxicities. As particulate carriers, liposomes and nanoparticles naturally target macrophages by taking advantage of their phagocytic properties, which is a feature that can be further enhanced by the addition of ligands for macrophage receptors to their surface 58, 59 . The potential of these alternative drug delivery systems for the treatment of TB has been comprehensively reviewed elsewhere 60, 61 .
The requirement for anti-TB drugs to reach intracellular bacilli raises two key questions. First, how do different anti-TB drugs vary in their ability to penetrate macro phages that are grown in vitro and, second, how representative is this data for the penetration of alveolar macrophages and inflammatory cells in vivo? Standard first-line and second-line anti-TB drugs have varying intracellular-uptake properties in vitro, with intracellular-to-extracellular (I/E) ratios ranging from 0.1 to >20. The β-lactams (antibiotics that were developed for non-TB infections but which are now increasingly used to treat XDR-TB 62, 63 ) and aminoglycosides have I/E ratios that are lower than 1, isoniazid has an I/E ratio of around 1, rifampicin has an I/E ratio of between 2 and 5, and ethambutol and the macrolides have I/E ratios ranging from 10 to >20 (REFS 64, 65) . These numbers were primarily obtained from in vitro studies that used alveolar macrophages, but the trend remains the same in in vivo clinical studies of pulmonary alveolar cells and epithelium lining fluid (ELF) 66, 67 . Although rifampicin shows limited penetration of ELF (with an ELF/plasma ratio of around 0.3), it accumulates in alveolar macrophages to levels that are tenfold to 20-fold higher than those measured in plasma 67, 68 . The fluoroquinolones show surprisingly variable intracellular penetration properties: MXF concentrations are 20-70-fold higher in pulmonary alveolar macrophages compared with the concentrations that are measured in plasma 69 , whereas levofloxacin only achieves marginally higher concentrations in alveolar cells compared to plasma 70 , and ciprofloxacin exhibits intermediate penetration with an alveolar macrophageto-plasma ratio of 5-10 (REF. 71 ). The high levels of MXF that are observed by both MALDI-MSI and conventional mass spectrometry in solid granulomas 11 (FIG. 3) corroborate these results. However, it is unlikely that in vitro assays of macrophage uptake or in vivo measurements of drug concentrations in alveolar cells are always predictive of drug accumulation in granulomas, as immune cells differ in their uptake ability. Macro phage activation -which occurs after an encounter with an appropriate stimulus, such as a bacterial infection -can induce active transport and efflux systems that contribute to the intracellular accumulation of some drug classes. For example, intracellular accumulation of MXF is markedly increased in activated macrophages, whereas levofloxacin uptake remains unaffected 72 . Intracellular accumulation of fluoroquinolones is dependent on a dynamic balance between influx, binding of the drug to undefined intracellular constituents and efflux, all of which vary according to the different types of fluoroquinolone that are used 39 . Differential drug distribution in the cytosol and in membrane-enclosed organelles (such as the phagolysosome) where M. tuberculosis is known to reside also needs to be considered. In order to maximize their efficiency, anti-TB drugs must reach, and preferably be retained in, the infected subcellular compartments. The granuloma is initially rich in immune cells and is highly vascularized (it is referred to as a cellular granuloma), which facilitates drug distribution into the core of the lesion. Bacilli reside extracellularly and in activated and foamy macrophages. As the granuloma matures, it begins to necrotize from the centre outwards, and vascularization is gradually destroyed, although the fibrotic rim and cellular layer remain densely vascularized. Bacilli can be found extracellularly in the necrotic caseum and in immune cells. When an expanding granuloma meets an airway, the necrotic centre fuses with the airway structure to form a cavity. Mycobacteria are found extracellularly in the cavity caseum and intracellularly in macrophages, foamy macrophages and neutrophils. Both intracellular and extracellular bacteria are released at the luminal side of the cavity and later appear in sputum 23 . Image is modified, with permission, from These data clearly show that extensive permeability profiling should be included early during drug discovery in order to design strategies for optimizing drug distribution at the sites of infection. The complexities that are described above highlight the need for in vitro assays that can predict the distribution of drug candidates in the blood, in the cellular and necrotic compartments of granulomas, in multiple immune cell types and, finally, in the subcellular organelles in which the bacterium resides (FIG. 1) . In addition, different anti-TB compound classes target physiologically distinct mycobacterial populations
, and this must also be considered. Ideally, each of the drugs that makes up an effective regimen should preferentially distribute to the site where its most vulnerable target population resides, as seems to be the case for pyrazinamide.
Drug uptake into M. tuberculosis
The inefficiency and extended time period of current TB-treatment strategies is thought to be caused by both pharmacokinetic and pharmacodynamic factors 25 . The pharmacokinetic factors include differential and suboptimal drug distribution at the site of infection, and the pharmacodynamic factors pertain to subpopulations of phenotypically resistant bacilli (as opposed to genetically resistant bacteria) 73 . In combination, these PK-PD parameters drive the development of genetic drug resistance.
Limited drug distribution at the infected site and phenotypic drug resistance are not as independent as they might seem to be. Penetration and accumulation of the drug in bacilli is the last step of the long journey to the site of action (FIG. 1) , and it has been shown that reduced permeability of M. tuberculosis to small-molecule drugs contributes to the drug tolerance that is associated with the quiescent bacterial population 74 . Conventional mass spectrometry methods have been optimized to measure the concentrations of unlabelled drugs in the cytosolic fraction of M. tuberculosis cells grown in vitro. Intracellular accumulation of the fluoroquinolones is markedly reduced in nutrient-starved non-replicating M. tuberculosis, and this probably contributes to the loss of fluoroquinolone activity against quiescent populations 74 . Although efflux seems to have a role in the extrusion of fluoroquinolones in genetically drug-resistant strains 75, 76 , the intracellular levels of these drugs are unaffected by efflux-pump inhibitors in wild-type (that is, drug-susceptible) M. tuberculosis, at least in vitro 77 . By contrast, polyamines do inhibit the uptake of fluoroquinolones in mycobacteria 77 , which has interesting clinical Nature Reviews | Microbiology . The panel contains an ion map (upper panel) and the corresponding hematoxylin and eosin-stained section (lower panel). A signal intensity of 0% corresponds to minimum signal, whereas 100% is assigned to the maximum signal, which, in the case of MXF, corresponds to the cellular cuff of granulomas. The signal responds linearly up to 1 nmol, which is several orders of magnitude higher than the therapeutically relevant drug concentrations that are achieved in tissues. The ion map clearly shows lower drug levels in caseum compared to the surrounding cellular region, which highlights the poor diffusion capacity of MXF in the necrotic core, where extracellular bacilli reside. c | Absolute concentrations of MXF were measured by HPLC coupled to tandem mass spectronomy (LC-MS/MS) in tissue homogenates of caseum and the cellular fraction of granulomas, and these are shown relative to the absolute drug concentration measured in plasma at the time of rabbit necropsy. The bar graph shows the MXF concentration in granuloma and caseum relative to plasma at 2 hours post-dose, which confirms that the drug distributes more efficiently in the cellular fraction of the granuloma than in caseum (V.D., unpublished observations). d | Distribution of the nitroimidazole PA-824 in a large rabbit necrotic granuloma. Similarly to MXF, the ion map (upper panel) shows that PA-824 has limited penetration in caseum. The lower panel is an optical image of the same tissue section prior to matrix coating and imaging 44 . e | Absolute concentrations of PA-824 were measured by LC-MS/MS in the caseum and cellular wall of three cavities that were found in the same animal at the time of necropsy, and these are shown relative to the absolute drug concentration measured in plasma. The concentration of PA-824 in the cavity wall is higher than in caseum (V.D., unpublished observations), which confirms the results of MALDI-MS (part d). Graph in part a is reproduced, with permission, from implications. Increased polyamine synthesis is associated with inflammation 78 ; thus, polyamines accumulate in infected tissues 79 . More than 60 years ago, it was reported that spermine levels increase at sites of mycobacterial infection and that spermine possesses tuberculostatic activity 80 . Human monocytes express a non-selective polyamine transporter and increase spermidine (which is a polyamine that is distinct from, but chemically related to, spermine) uptake when they are activated. As polyamines reduce the ability of drugs to permeate M. tuberculosis, it seems that the endogenous production of polyamines in macrophages might contribute to the development of dormancy and phenotypic drug resistance of intracellular bacteria. Interestingly, reduced intrabacterial drug concentrations are associated with enhanced efflux, as growth within macrophages induces M. tuberculosis efflux pumps 81 . Collectively, these observations establish a multifactorial link between intrabacterial pharmacokinetics and pharmacodynamics and indicate that M. tuberculosis has evolved several mechanisms to limit drug entry during quiescence, although it is not possible to detect all of these in vitro.
Bacterial metabolism of drugs
The metabolism of xenobiotics in the human body is the result of collective biotransformation by all organs and tissues, and the liver is usually the primary site. In the case of infectious diseases, there is another crucial -and often overlooked -player in drug metabolism: the pathogen. Several anti-TB agents are prodrugs, which means that they must be metabolically converted into an active form to be functional. The large number of clinically used prodrugs has long stimulated research efforts in this field and there are several mechanisms of prodrug activation in TB; for example, pyrazinamide is converted by the bacterial enzyme pyrazinamidase into pyrazinoic acid, which has pleiotropic effects on M. tuberculosis [82] [83] [84] . Other prodrugs are converted into reactive species that can form adducts with NAD + or NADH and potentially other molecules to inhibit the inhA-encoded enoyl-coA reductase and other NAD-dependent targets 85, 86 . Isoniazid and the thioamides are prototypes of this mechanism; they inactivate enzymes that are involved in the biosynthesis of cell wall constituents and potentially many other cellular processes that require NAD-dependent enzymes 85 . Interestingly, stochastic variations in the expression of catalase-peroxidaseperoxynitritase katG (which encodes the enzyme responsible for isoniazid activation) have been observed in Mycobacterium smegmatis during isoniazid treatment 87 , leading to the emergence of persister cells, which highlights the importance of bioactivation for bacterial survival. Some prodrugs are converted into pleiotropic reactive species that interact with, and derail, multiple cellular pathways; for example, intrabacterial redox activation of PA-824 releases several reactive nitrogen species that have broad toxic effects 88 . Finally, an elegant recent study has shown that para-aminosali cylate (PAS) is a prodrug that poisons folate biosynthesis by substituting for the natural substrate (which is para-amino benzoic acid) of dihydropteroate synthase, causing early termination of folate biosynthesis by generating inhibitors of subsequent steps in the pathway 89 . Notably, transiently active metabolites and reactive species that are generated by prodrugs are not sufficiently stable to be captured by the analytical and imaging methods that are described here. However, these examples emphasize the clinical relevance of bioactivation by M. tuberculosis. Similar studies with all major anti-TB drug classes have the potential to reveal not only new modes of action of anti-TB drugs and new targets for drug discovery but also new unsuspected prodrugs and bioactivation pathways, opening an entire new field of
Glossary Equilibration half-life
A measure of the time that is required to reach a steadystate drug concentration at the site of drug action, assuming that the concentration remains constant in plasma.
Foamy macrophages
Lipidloaded macrophages that are found in the inner layers of pulmonary granulomas.
Free drug fraction
The percentage of drug molecules that are not bound to proteins such as albumin, globulins, glycoproteins and lipoproteins; typically calculated in the plasma. It is generally accepted that only this fraction is capable of passively diffusing between body compartments and it is therefore the drug fraction that can exert activity at the site of infection.
HPLC coupled to tandem mass spectrometry (LC-MS/MS). An analytical method that combines high performance chromatographic separation of analytes with massbased quantification of molecular ions. Tandem mass spectrometry (MS/MS) enables the quantitation of smallmolecule drugs in the complex biological matrices that are typical of biological fluids and tissues.
Intrabacterial pharmacokinetics
The change in drug concentrations over time in individual bacterial cells grown in vitro, in which intracellular drug concentrations change as a result of passive or active uptake, pathogenmediated metabolism and efflux of the drug.
Liposomes
Artificially prepared vesicles that are composed of a lipid bilayer and are used as vehicles for the administration and slow release of nutrients and pharmaceutical drugs. Liposomes can include surface ligands that enable targeting of specific tissues and cell types.
MALDI mass spectrometry imaging
(MALDI-MSI). A labelfree semiquantitative imaging technology that generates twodimensional ion maps of molecules and their metabolites in biological tissue sections using massbased detection. MSI preserves the spatial profile and tissue architecture, which enables the highresolution localization of drugs, lipids and peptides of interest, relative to the underlying tissue structure.
Phagolysosome
A cytoplasmic body that is formed from the fusion of a phagosome (which is a vesicle formed around a particle by phagocytosis) with a lysosome (which contains hydrolytic enzymes).
Pharmacodynamics
The effects that a drug has on an organism (that is, 'how the drug affects the body') or on bacterial cultures in vitro. In the case of antibiotics, this is often determined in animal models of disease and is typically quantified as the difference in bacterial load (or colony forming units (CFU)) over time in selected tissues.
Pharmacokinetics
The change in drug concentrations over time in blood or tissues, which is determined by absorption through the gastrointestinal tract, distribution from one compartment to another, metabolism and elimination from the body. Pharmacokinetics is frequently referred to as 'how the body handles the drug' .
PK-PD parameters
(Pharmacokinetic-pharmacodynamic parameters). The ratios between certain drugexposure variables (such as peak plasma concentration (C max ) or area under the concentration-time curve (AUC)) at a given dose and the antibacterial activity (minimum inhibitory concentration) of the drug in vitro. These ratios provide an estimate of in vivo drug exposure relative to in vitro potency, and rulesofthumb have been established for all of the major antibiotic classes (for example, the efficacy of aminoglycosides is mostly driven by C max /MIC). By correlating these parameters with the observed efficacy of the drug in animal models at the corresponding dose, it is possible to predict the dose and dosing frequency that are required to achieve a desired pharmacological effect in patients.
Polyamines
Organic compounds that contain two or more primary amino groups, which are found at reasonably high concentrations in both prokaryotic and eukaryotic cells.
Positron emission tomography
(PET). A nuclear medical and preclinical wholebody imaging modality that produces a threedimensional image of functional processes or drugs in the body.
Prodrugs
Drugs that are delivered as inactive precursors and that require enzymatic conversion to one or more active derivatives either by the host or by the pathogen. A number of antituberculosis agents are prodrugs, such as isoniazid, pyrazinamide, the thioamides and nitroimidazoles.
SOS response
A global response to DNA damage in bacteria.
intrabacterial PK-PD investigations. Computational frameworks for predicting biodegradation of foreign small molecules have been established for some bacterial species, such as Gram-negative environmental bacteria 90 , but similar systems biology investigations are still lacking in mycobacteria. Much remains to be discovered about the 'prodrugome' and the 'degradome' of mycobacteria, including the networks that are responsible for activating and inactivating xenobiotics.
Outlook
There is growing evidence that TB pathology encompasses a broad range of lesion types with heterogeneous architectures, which limit the ability of drugs to access the infected site. Moreover, each distinct compartment hosts bacteria that can differ in their susceptibility to drugs. Thus, it is clear that no single drug in our current antibiotic arsenal can reach and kill all mycobacterial subpopulations, which highlights the need for combination therapies. However, despite the use of up to four drugs for 6-9 months against uncomplicated TB, resistance is increasing and threatens our ability to control the TB epidemic. How can we curb this trend? Optimization of treatment duration with the current four-drug regimen was a mostly empirical process, which was developed after 40 years of controlled trials by the British Medical Research Council Tuberculosis Units 91 . The pharmacokinetic and imaging methodologies that are described in this Progress article have the potential to inform rationally designed firstline and second-line treatment regimens that are based on the differential abilities of each companion drug to distribute into multiple types of lesions, and to ultimately combine drugs that have complementary distribution properties. To achieve this, the optimization of drug doses and regimens should rely on tissue-specific PK-PD parameters in addition to the conventional plasma-based indices.
Clearly, drug distribution is only 'one side of the coin' and needs to be considered in conjunction with the ability of each drug to kill the bacterial population or populations that are present in the corresponding lesion compartment. Animal studies that integrate both lesion-centric pharmacokinetic and efficacy readouts are needed to understand the effect of lesion diversity on bacterial physiology and phenotypic susceptibility to anti-TB drugs (BOX 1) and to determine whether local and temporal monotherapies in specific lesion compartments could lead to the emergence of drug resistance. PK-PD indices that integrate 'lesional' pharmaco kinetic and drug-susceptibility values can be used to determine how much of a drug is required and for how long in each lesion type, thus informing the rational design of new drug regimens. Although the rabbit model of active cavitary TB clearly recapitu lates the major pathological features of human disease 35, 36, 92 , confirming the findings in other validated animal models (such as non-human primates) before embarking on long clinical trials is important. Lesion pharmacokinetic studies in patients with TB who are undergoing resection lung surgery are currently being carried out to identify the respective strengths and limitations of each animal model. Finally, the ability of drugs to penetrate lesions, necrotic tissue, immune cells and both active and quiescent bacilli should be considered early during the drug discovery process to guide medicinal chemistry efforts. This will require the development of medium-throughput in vitro assays that can be easily integrated during lead-compound discovery and lead-compound optimization campaigns. Knowledge of the mechanisms that drive the differential distribution of each antibiotic might also be useful for informing the rational design of drugs on the chemical level. The next major step towards curing TB and preventing the development of resistance will come from a combination of complementary drugs, each of which preferentially distributes in the lesion or lesion compartment where its most vulnerable target bacterial population resides.
